ABSTRACT Aims/Introduction: Glycemic variability is known to induce oxidative stress. We investigated the relationships between glycemic variability and serum bilirubin levels, an endogenous anti-oxidant, in patients with diabetes. Materials and Methods: A cross-sectional study was carried out with 77 patients with type 2 diabetes who had been recruited to two clinical studies from 2008 to 2014. There were no participants with diseases of the pancreas, liver, biliary tract and chronic renal insufficiency. Glycemic variation was calculated by a continuous glucose monitoring system, and correlation analyses were carried out to evaluate their association with bilirubin levels. Multiple linear regression was carried out to identify independent factors influencing bilirubin levels and glycemic variation. Results: Among the participants, 42.3% were men. The mean (standard deviation) age was 61.5 years (10.4 years), body mass index was 24.2 kg/m 2 (2.8 kg/m 2 ), diabetes duration was 17.7 years (9.5 years), hemoglobin A 1c was 60.7 mmol/mol (7.1 mmol/mol; 7.7 [0.7]%) and bilirubin was 11.8 lmol/L (4.10 lmol/L). Serum bilirubin levels were not different according to age, body mass index and hemoglobin A 1c . However, the mean amplitude of glucose excursion was positively associated with bilirubin levels in women (r = 0.588, P < 0.001). After adjustment with duration of diabetes, serum albumin, liver enzymes, and mean glucose, the correlation between bilirubin and mean amplitude of glucose excursion remained significant (r = 0.566, P < 0.001). Multiple linear regression analyses showed that bilirubin was an independent determinant for the mean amplitude of glucose excursion in women. 1,5-Anhydroglucitol was also associated with bilirubin levels in women. Conclusions: Bilirubin level within the physiological range might be an independent predictor for glycemic variability in women with type 2 diabetes.
INTRODUCTION
Because intermittent high glucose has more triggering effects on oxidative stress than chronic sustained hyperglycemia 1, 2 , and oxidative stress is suggested as one mechanism of complications of diabetes mellitus 3 , glycemic fluctuation has been examined with regard to diabetes mellitus complications 4 . However, there is no simple marker to assess glycemic variability (GV), despite the current technical progress in glucose monitoring systems. A continuous glucose monitoring system (CGMS) is used to evaluate glycemic excursion for a short period, but the cost and inconvenience preclude general use in clinical practice. Therefore, a surrogate marker that can reflect GV is required.
Bilirubin is known as an endogenous anti-oxidant and antiinflammatory molecule 5 . Heme oxygenase-1 (HO-1) is an oxidative stress-responsive enzyme, and degrades free heme to carbon monoxide, iron and biliverdin, which is converted to bilirubin 6 . It has become apparent that the HO-1 system can act protectively in a variety of models of disease 7 . There are a couple of studies on the relationships between serum HO-1 and diabetes: diabetes mellitus was found to be associated with high serum HO-1 attenuation of oxidative stress was associated with decreasing HO-1 levels 9 . Therefore, we hypothesized that GV-induced oxidative stress in diabetes activates the HO-1 system and its product, bilirubin, in circulation. To examine it, we applied CGMS in patients with type 2 diabetes, calculated various indices of GV and analyzed relationships with serum bilirubin.
METHODS

Population
The participants were adults with type 2 diabetes who had been recruited to two different clinical studies using CGMS (Medtronic Minimed, Northridge, CA, USA) carried out at Seoul National University Hospital, Seoul, Korea, from November 2008 to November 2014. Group 1 was composed of 60 persons under various treatment regimens (38 insulin users and 22 insulin non-users) 10 . Group 2 was composed of 17 insulin users. Clinical characteristics of each group are presented in Table S1 . We excluded participants with diseases of the pancreas, liver, biliary tract and chronic renal insufficiency, and Gilbert syndrome based on the presence of hyperbilirubinemia (serum bilirubin level >20.5 lmol/L) in the absence of hemolytic disease and/or hepatic dysfunction (Figure 1) 
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.
Measurement
Medical history, concomitant drugs, bodyweight and height were investigated. After 12-h overnight fasting, venous blood was collected, and the following were measured: hemoglobin , and the first 48 h were used for the calculation of mean blood glucose (MBG) and the GV indices 4 , such as standard deviation (SD), mean amplitude of glucose excursion (MAGE), continuous overall net glycemic action calculated with 6-h time intervals (CONGA-6), M100 (a measure of the stability of the glucose excursions in comparison with glucose value of 5.55 mmol/L [100 mg/dL]), Jindex, mean post-meal maximum glucose (MPMG) and area under the curve for glucose above 9.99 mmol/L (180 mg/dL; area under the curve for glucose above 180 mg/dL). MAGE is the mean of the absolute difference of peak-to-nadir or nadir-to-peak direction, in the glycemic excursions more than one SD during the 48 h. CONGA-6 is the standard deviation of the differences between each glucose level and the corresponding glucose level measured 6 h earlier. M100 is a measure of the stability of the glucose excursions in comparison with glucose value of 5.55 mmol/L (100 mg/dL). J-index takes account of both the mean glucose level and variability of glycemia.
Statistical analysis
Continuous variables are expressed as mean -SD, and categorical variables as the number and percentage. A normality test was carried out for all continuous variables. A log transformation was carried out for skewed data before further analyses. Student's t-test and chi square-test were used for comparisons between sex or groups. Analysis of variance (ANOVA) was applied for comparisons among the groups according to MAGE. The correlation coefficient was determined using Pearson's coefficient to determine the association between bilirubin levels and GV indices. Multiple linear regression using stepwise analyses were carried out to evaluate if MAGE was independently related with bilirubin levels. SPSS (version 18.0; SPSS, Chicago, IL, USA) was used for statistical analyses, and P < 0.05 was considered significant.
RESULTS
Clinical characteristics and laboratory data were compared between the two study groups, and the fasting C-peptide, albumin and MAGE were significantly different (shown in Table S1 ). However, according to general linear model analysis, all the relevance between bilirubin and C-peptide, between bilirubin and albumin, and between bilirubin and MAGE did not differ according to the group. Therefore, we combined the two groups to examine the relationships between bilirubin and GV. The clinical characteristics of the total 77 participants are shown in Table 1 .
In the simple correlation analyses between bilirubin levels and the GV indices from CGMS, there were significant positive correlations between bilirubin and log(MAGE) (r = 0.305, P = 0.007), log(SD) (r = 0.252, P = 0.027), log(CONGA-6) (r = 0.241, P = 0.034), log(J-index) (r = 0.286, P = 0.012) and log(M100) (r = 0.277, P = 0.015). In the simple correlation analyses between bilirubin levels and GV-related variables, there were significant positive correlations between bilirubin and log (MBG) (r = 0.262, P = 0.021) and diabetes mellitus duration (r = 0.266, P = 0.019). Neither fasting glucose nor HbA1c was correlated with bilirubin levels. Hb, which is a main source of bilirubin, was significantly associated with bilirubin (r = 0.300, P = 0.009), but AST, ALT and albumin levels were not correlated with bilirubin. Because there were significant sex differences in important variables, such as bilirubin, GV indices, diabetes duration, C-peptide levels and Hb (Table 1) , we carried out further analyses separately according to sex.
First, the participants were divided into three groups according to MAGE levels. Among the variables, body mass index was significantly different across the groups in the men participants (F = 4.56, P = 0.019), whereas bilirubin levels were significantly different across the groups in the female participants (F = 4.499, P = 0.017). Further correlation analyses showed that log(MAGE) was negatively correlated with body mass index in men (r = -0.429, P = 0.013), and positively correlated with bilirubin levels in women (r = 0.588, P < 0.001; Figure 2 ). Serum bilirubin was also positively associated with the duration of diabetes, serum albumin (which is an important transporter of unconjugated bilirubin in the circulation 6 ), AST, ALT and log(MBG) in simple correlation analyses in women. Even after adjustment with these variables, the correlation between bilirubin and log(MAGE) remained significant, (r = 0.566, P < 0.001). In addition to MAGE, CONGA-6, MPMG, J-index and SD were also positively correlated with bilirubin levels in women (Table 2 ). In men, serum bilirubin levels were not correlated with log(MAGE) (Figure 2) , regardless of adjustment with body mass index and other variables.
On the assumption that GV-induced oxidative stress contributed to serum bilirubin levels, multiple linear regression analyses were carried out to evaluate independent effects of MAGE on bilirubin levels in women, using log(MAGE), log (MBG), duration of diabetes mellitus, albumin, AST, ALT and Hb as independent variables. Among the independent variables, log(MAGE), ALT, AST and DM duration were significant determinants (Table 3 ). In the case of men, only Hb was a significant determinant for bilirubin levels (b = 0.531. P = 0.019), although the F-test was not significant (P = 0.259). From a view of realistic significance in clinical practice, multiple linear regression analyses were carried out to identify independent factors determining GV, using log(MAGE) as a dependent variable, and bilirubin, log(C-peptide), duration of diabetes mellitus and log(MBG) as independent variables, because they would represent insulin insufficiency and mean glucose, which were reported to be related to GV 4 . Interestingly, the well-known factors, such as C-peptide and mean glucose, were significant determinants of MAGE in men as expected, whereas bilirubin was the only factor determining MAGE in women (Table 4) . Similar results were also found if the dependent variable was replaced by log(SD), another GV index (data not shown).
1,5-Anhydroglucitol (1,5-AG) is a candidate biomarker for GV, in the case of moderately-controlled type 2 diabetes mellitus 4 . We explored the correlation between 1,5-AG and bilirubin, and observed that there was a significant correlation between them regardless of adjustment with log(MBG), which is known to affect 1,5-AG levels (Table 5 ). When we separated the participants by sex, the association between the biomarkers remained, although the statistical significance decreased in men.
DISCUSSION
In the present study, we found that in women, bilirubin was an independent factor for MAGE and SD, whereas insulin insufficiency and mean glucose significantly contributed to them in Including a-glucosidase inhibitors, thiazolidinediones, nateglinides, a dipeptidyl peptidase-4 inhibitor and a glucagon-like peptide-1 (GLP-1) receptor agonist. 1,5-AG, 1,5-anhydroglucitol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC-180, area under the curve for glucose above 180 mg/dL; BMI, body mass index; CONGA-6, continuous overlapping net glycemic action calculated with 6-h time intervals; CVD, cardiovascular disease; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; Hb, hemoglobin; M100, a measure of the stability of the glucose excursions in comparison with glucose value of 5.55 mmol/L (100 mg/ dL); MAGE, mean amplitude of glycemic excursions; MBG, mean blood glucose; MTF, metformin; MPMG, mean post-meal maximum glucose; NPDR, non proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; SD, standard deviation; SU, sulfonylurea. , and is a well-known anti-oxidant, as was described in the Introduction 5 . HO-1 gene expression in the muscle of patients with type 2 diabetes was reported to be defective 13 , but the serum levels were found to be increased 8, 9 . In particular, relationships Log-transformed values were used for analysis. 1,5-AG, 1,5-anhydroglucitol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC-180, area under the curve for glucose above 180 mg/dL; CONGA-6, continuous overlapping net glycemic action calculated with 6-h time intervals; DM, diabetes mellitus; M100, a measure of the stability of the glucose excursions in comparison with glucose value of 5.55 mmol/L (100 mg/dL); MAGE, mean amplitude of glycemic excursions; MBG, mean blood glucose; MPMG, mean post-meal maximum glucose; SD, standard deviation. 
